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ABSTRACT

Crystal field theory has bheen used to explain the electrical and
optical properties of cobalt-doped GaP. 1In n-type GaP, cobalt gives rise
to optical absorption bands at 0.8 and 1.25 microns. From Hall effect
data it has been found that cobalt is a deep acceptor with an ionization
energy of 0.41 eV. A crystal field analysis has shown that the electron
configuration around full cobalt acceptors (negatively charged) consists
of seven d-electrons with all other electrons in closed shells, and further-
more, that cobalt atoms have substituted for gallium atoms in the lattice.
is has shown that crystal field theory can be used

Tn eneral
et enera.s

s J
Lo obtain detailed electron models of semiconductor impurities.

In the course of the study, methods were developed to grow epitaxial
single crystals of GaP doped with either sulfur or zinc. Predictable sul-
fur dopings beitween 6 x 1016 and 4 X 1018 cm—3 were achieved, RKadiotracer
diffusions were used to introduce a known concentration of cobalt into the
samples used for optical and electrical measurements. Diffusion data show
that the cobalt diffused both substitutionally and interstitially. The
data suggest that the cobalt concentration after diffusion was determined
by a nonequilibrium density of crystal defects, This hypothesis is con-

sistent with the conclusion from the optical data that the cobalt was on

gallium sites.

- iii - SEL-66-087




II.

IIT.

Iv.

CONTENTS

INTRODUCTION
THEORETICAL BACKGROUND

A. General Impurity Theory C e e e e
Transition-Metal Impurities

1. Introduction
2., Crystal Field Theory
3. Application of the Theory

4, Extension of Crystal-Field Theory by Allen

C. Summary

CRYSTAL GROWTH . . . . . . . . .+ « « « « « « .« .

1~

A. Description of the Epitaxial System . . . . .
B. Experimental

1. Methods and Conditions of Growth
2. Methods of Estimating Doping Levels

3. Electrical Measurements Performed on the
Crystals
C. Results of Crystal Growth e e e .

1. Effects of Temperature Gradient at the Substrate.

2, Control of Doping .
3. JIonization Energy of Sulfur

D. Summary

RADIOTRACER DIFFUSION

A, Experimental Procedures . . . . . .
1. Processing of Cobalt-60 . . . . . . .
2. Diffusion Procedure . . . . e

3. Construction of Diffusion Proflles
4. Error Analysis

B. Results of Diffusion

Discussion of Diffusion Data

1. Preparation of Electrical and Optical Samples

2, Diffusion Mechanism . . . . ... . . . . .
3. Concentration of Cobalt in GaP

D. Summary . . . . . . . . .+ o« e e e e e .

SEL-66-087 - iv -

Page

(@1 I S S OV

22
22
22

24

25

25

25
26
28
29

30
34

34
34
35

36




V. ELECTRICAL MEASUREMENTS

A. Experimental Equipment

B, Results of Hall and Resistivity Measurements .

C. Cobalt Ionization Energy
VI. OPTICAL TRANSMISSION

A, Experimental Equipment
Results of Optical Measurements
C. Discussion of the Optical Data

1. Filled Cobalt Levels
2. Empty Cobalt Levels

D. Summary of Optical Work

VII A MODEL FOR COBALT IMPURITIES
VITI, CONCLUSIONS AND SUGGESTIONS FQOR FU
A. Conclusions
B. Suggestions for Future Work
APPENDIX A
REFERENCES
TABLES
Table

1 Character table for Td

Direct product table for Td

Allowed dipole transitions in Td

GaP crystal growth data

G ok W

Values used to estimate the sulfur

ionization energy

Pagg

37

40
41

46

46
46
49

49
52

53

54

19
23

SEL-66-087




Figure

10

11

12

13

14

16

17

18

19

20

21

22

ILLUSTRATIONS

7
Eigenvalue plot for d in a tetrahedral field

Schematic diagram of the apparatus used to grow
sulfur-doped crystals

Gallium boat and seed holder used in crystal growth
Temperature profiles for the crystal-growth furnace

The Hall coefficient times T3/2 vs 103/1 tfor
five different sulfur-doped GaP crystals

PO . 3/2 3
The Hall coefficient times Tv/ vs 10°/T for
three different sulfur-doped GaP crystals

Hall mobility of electrons for four different samples

of sulfur-doped GaP

Electrical properties of zinc-doped GaP (an)
Electrical properties of undoped GaP (821)

Sulfur ionization energy vs carrier concentration
Photograph of the radiotracer evaporation fixture

The total pressure and the partial pressures from
P, and Py inside a 0.l-cc ampoule containing
100 ug of phosphorus

Estimate of accidental error in radiotracer concen-
tration measurements

Typical diffusion profile for cobalt in GaP

Cobalt profiles after 24-hr diffusions at different
temperatures in GaP . . . . . . . . . o o . .

Cobalt profiles after diffusion at 1015 °c for
different times in GaP

Cobalt profiles after diffusions at 1100 °C for
different times

Cobalt profile after 1100 °C diffusion for 24 hr in
p-type GaP
Profiles for cobalt diffused from both sides of a

wafer

Cobalt concentrations in the flat parts of the
diffusion profiles

The Hall effect apparatus used to measure high-
resistance samples

Details of the sample mount used for high-resistance
samples

SEL-66-087 - vi -

Page

13
15
16

18

20

27

29
31

31

32

32

33

33

35

38

38



Figure

23
24
25

26
27

28

29

30

31

32

34

35

ILLUSTRATIONS (Continued)

Schematic diagram of the Hall effect apparatus
Typical Hall bar mounied on a TG-S hecader

Hall coefficient and resistivity data for cobalt-
doped GaP . . . . . . . 4 0 e e e e e e e e e

Hall mobility of holes in cobalt-doped GaP

Optical transmission in arbitrary units vs wave-
length forqn—type single-crystal GaP containing
=107 ¢m™2 cobalt atoms

Optical transmission in arbitrary units vs wave-
length for n-type polycrystalline GaP containing
cobalt . . . . . . L L L L Lo s e e e e e e e

Absorption after background has been subtracted vs
wave number for cobalt-doped GaP wafers .

Absorption spectra of a GaP wafer containing zinc
plus = 2 X 1017 cm~3 cobalt atoms, and of a wafer
containing only zinc e e e e e e

The quartet tetrahedral field levels arising from
3d? and the fit of the observed spectrum to them

Total spin-orbit splitting in units of ¢ for the

4 4
Tl( F) and Tl( P) levels vs DbLq/B . . . . .

7
A schematic drawing of a d cobalt atom on a
gallium site . . . . . . . . . . . o . .

Ground and excited states of cobalt in GaP as deter-
mined by this research . . . . . . . . .

Theoretical and experimental dependence of cobalt
concentration on initial doping

- vii -

Page
39
39

41
42

47

47

48

50

o
Lo

56

SEL-66-087



Atomic

kT

SEL-66-087

SYMBOLS

atomic one-electron wave functions

LS-coupled many-electron wave functions

Mulliken's notation for the irreducible
representations of the tetrahedral group

quartet tetrahedral field levels

Racah parameters (energy units )
counting rate, above background
number of hackground counts
total number of counts

. /.3
cobalt concentration (atoms/cm™)

. . < 2
diffusion coefficient (cm” /sec)
crystal field parameter (energy units)
energy
acceptor ionization energy
E, + kT /n

A 7
Fermi energy
Fermi energy extrapolated to T = O
sulfur ionization energy
Boltzmann's constant

thermal energy

- viii -




GaP

Hamiltonian

effective mass of holes

-3
total density of acceptors (cm )

_3>

density of neutral acceptors (em

-3
density of negative acceptors (cm )

-3
electron concentration (cm ~)

-3
intrinsic carrier concentration (cm )
. -3
total donor density (cm )
. -3
density of neutral donors (cm )

-3
density of positive donors (cm )

-3
density of valence band states (cm )

3/2
N, T/
10le concentration {cm )

Hall coefficient (cm3/coulomb)

ot

hicknecs of a lapped layer (cm)

temperature (°K unless otherwise indicated)

potential energy

weight removed while lapping (grams)

absorption coefficient (cm_l)

temperature coefficient of the Fermi energy

electron degeneracy factor

2
mobility (cm /volt sec)

spin-orbit interaction parameter (energy units)

resistivity (ohm-cm)

density of GaP

- ix -

SEL-66-087




ACKNOWLEDGMENT

The author wishes to thank Professors G. L. Pearson, J. L. Moll,
and D. A. Stevenson ior their guidance and encouragement. Particular
thanks are due Professor J. W. Allen for suggesting the problem and for
countless patient discussions.

Financial support was provided by the National Aeronautics and Space
Administration. The author used facilities provided by the Advanced
Research Projects Agency through the Center for Materials Kesearch at

Stanford University.

SEL-66-087 Lk -




bt

INTRODUCTTION

Semiconductor impurities are technolegically important because they
can control the resistivity, lifetime, photoresponse, etc., of a semicon-
ductor. Much research has been done on shaliow impurities, particularly
in silicon and germanium, and such impurity levels are now quite well
understood. Deep impurity levels have also been studied extensively but
they are not well understood. A major difficulty has been the lack of a
theoretical framework in which to put empirical results. It now appears
that a phenomenological theory for transition-metal impurities may provide
a suitable framework.

Allen [Ref. 1] has suggested that transition-metal impurities can be
understood in terms of an extension of crystal field theory. Since the

3d shell is shielded by outer electrons, the effect of the crystalline

[

nvironment on the 3d orbitals can be treated as a perturbation on well-
understood free atom wave functions. Crystal ficld theory was developed

culate the perturbed 3d shell wave functions. Experi-

-
6]

specificaily to ca
mentally the structure of the 3d shell can be determined by observing
transitions within the shell. By comparing the crystal field calculations
with the observed structure, the number of 3d electrons ana ihe Symmciry
of the impurity site can be determined. A knowledge of the number of 3d
electrons and of thc site symmetry can then be used to develop a detailed
picture of the electron configuration around the impurity.

Crystal field theory has been used in the past to study transition-
metal impurities in II-VI compounds, but no attempt was made to correlate
the results with the electrical properties of the impurity [Refs. 2,3].
Allen showed that it would be possible to correlate crystal field and
electrical data. The purpose of this work is to show through a detailed
experimental investigation how such a correlation can be done.

In order to demonstrate the method, the properties of cobalt-doped
gallium phosphide were studied in detail. There were a number of reasons
for the decision to sludy cobalt impurities in the GaP lattice. First,
the band gap of GaP is wide enough so that cobalt-impurity absorption is
not masked by band-edge absorption. Second, it proved possible to grow

large singie crystals of both n-type and p-type GaP. Finally, crystal
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field theory had not been applied previously to a material as covalent as
GaP. Cobalt was chosen because it has a distinctive absorption spectrum
in GaP and because its concentration in the crystals could be determined
through the use of cobalt-60. The latter has a 5.2-year half-life which
is convenient for radiotracer work.

This study of cobalt in GaP involved four essentially independent
experiments. It was necessary to grow crystals of GaP because high-quality
GaP was not commercially available. Radiotracer diffusions were used to
introduce known concentrations of cobalt into the grown crystals. Cobalt
was not introduced during crystal growth because radiotracers could not
be used safely in the growth system. Hall effect measurements and optical
transmission work provided the information necessary to demonstrate the

crystal field method.
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In this chapter the elements of impurity theory used in this work
are reviewed. Impurity theory in general, the theory of transition-metal

impurities, and the theory devclcoped by Allen [Ref. 1] are discussed.

A. GENERAL IMPURITY THEORY

In order to calculate the ionization energy, photoresponse, recombi-
nation action, etc. of an impurity, it is necessary to know the impurity
wave functions. In principle, the wave functions can be found by com-
paring the eigenfunctions of the Hamiltonian for a perfect crystal plus
one impurity, with those of the Hamiltonian for a perfect crystal. The
presence of the impurity gives rise to localized electronic modes that
do not exist in the pure crystal. 1In practice, it is extremely difficult
to find the eigenfunctions of a pure crystal and it is virtually ijimpossible
to find those of an impure crystal.

Impurity wave functiions can sometimcs be determined by perturbation
calculations for the cases of either very loose or very tight binding.
The perturbation calculations have been approached either by treating the
impurity as a perturbation on the lattice or by treating the lattice as a

3
1

0]

perturbation on the impurity. In th rst method the impurity wave func-

o
=

tion 1is expanded in terms of the wav unctions of the crystal; whereas
in the second, atomic wave functions of the impurity atom are used in the
expansion., Since crystal wave functions are unbounded in extent, the first
approach is most successful for impurity orbits that are very large. Its
greatest success has been with the shallow impurity orbits of germanium.
In contrast to the crystal wave functions, atomic wave functions are quite
small. The maximum charge density is typically only 0.5 4 to 2 & from the
nucleus [Ref. 4]. Consequently, an expansion in terms of atomic orbitals
is most useful for describing very localized electronic states such as
3d and 4f levels. The method has been used extensively in studying the
rare earths used in lasers,

Impurities with bindings intermediate between very tight and very loose
can be treated approximately by extending either of the two methods just

mentioned. The loose-binding method can be extended to handle impurities
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with ionization energies up to about 0.1 eV. For impurities with binding
energies in excess of 0.1 eV, it appears best to extend the theory of deep

impurities.

B. TRANSITION-METAL IMPURITIES
1. Introduction

The transition metals provide a group of impurities on which it
is reasonable and possible to carry out an extension of tight-binding
methods. The 3d shell is often sufficiently shielded by outer electrons
that its wave functions can be calculated by using crystal field theory.
On the other hand, the d shell frequently interacts sufficiently withk
the lattice to give rise to electrically active levels. Tight-binding
methods are also applicable to 4f shell impurities, but the f shell
is ton well shielded to be electrically active.

Many of the electrical levels of the transition metal impurities
arise because the metals are chemically similar to the metallic constit-
uents of both the III-V and the [I-VI compounds. The free atoms of the
transition metals, with the exception of chromium and copper, have dn452
configurations. The group II and group III elements have electron con-
figurations consisting respectively of {wo or three electrons outside of
closed shells. Hence, when one of the transition metals substitutes for
a group II element, the two 4s electrons can be used to fill the honding
orbitals and the d shell can either accept electrons from or supply
electrons to the crystal lattice. A transition metal which substitutes
for a group III atom in a III-V compound can give rise to two different
types of impurity levels. The first type arises because the d shell
of the impurity can accept and supply electrons. The second type arises
because the transition metal has one less outer electron available for
bonding than the group III element it replaces.

As suggested in the preceding paragraph, a study of a transition-
metal impurity invelves determining (1) if there are impurity wave func-
tions which are essentially the same as atomic d wave functions, i.e.,
if the impurity has a d shell; {(2) if the d shell is responsible for

the observed electrical effects of the impurity; and (3) the type of
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lattice site that the impuritv occupies. If d-lilke wave functions cannot
be assigned to the impurity, then the above approach is not relevant., If
the impurity does have a d shell, the answer to (2) can be determined

by counting the number of d electrons when the impurity level is full

and when it is empty,

As an example, consider the case of an acceptor level. If there
are n electrons in the d shell when the level is empty and n+l elec-
trons when the level is full, then apparently the d shell is responsible
for the level. On the other hand, if the number of d electrons is the
same whether the level is full or empty, then the acceptor level cannot
be attributed to the d shell. Finally, the answer to {3) can sometimes
be determined by finding the symmetry of the impurity lattice site. Knowl-
edge of the site symmetry may also be useful in specifying the impurity
orbital in case the level cannot be attributed tc the d shell.

The necessary information regarding the number of d electrons
and the impurity site symmetry can sometimes be oblained by combining op-
tical absorpticn data and Hall effect data . The impuritv ionization energy
can be obtained from the latter data. The Hall effect can also be used to
determine whether, in a particular sample, the Fermi level is above or

1

€low thc impurity level. The number of d electrons and the site symme-
try can be determined by observing optical transitions within the d
shell. The theory needed to determine the structure of the d shell from

the optical absorption data is given in the following sections.

2. Crystal Field Theory

The form of crystal field theory used in this work results from
the assumption that the effects of the lattice on the d wave functions
can be described solely in terms of electrostatic interactions. This as-
sumption is difficult to justify a priori for the III-V compounds, but
it is the only one that leads to a mathematically tractable theory. A
more comprehensive theory which recognizes the possibility of charge ex-
change between the impurity and the lattice has been suggested by Ball-
hausen [Ref. 5], but it is not yet well developed. Progressively more
extensive treatments of the material given below may be found in the books

by McClure [Ref. 6], Ballhausen [Ref. 51, and Griffith [Ref. 7].
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In the electrostatic approximation, the Hamiltonian for an electron

on the impurity may be written as

H = HLS + VX‘—tal ’

~.

—~
\™]
=

where stands for all the terms that lead to the familiar LS coup-

HLS
ling scheme [Ref. 5, p. 8. The actual values of the terms in HLS will
be reduced from their free ion values, however, because of the screening
caused by the lattice. VX—tal is the coulomb potential at the impurity
site due to the atoms surrounding the impurity and hence has the symmetry
of the impurity lattice site. The Hamiltonian has a simple form because
the electrostatic approximation amounts to treating the atoms of the

lattice as point charges.

0]

The dominant t in lead to the central field approxima-

6}

rme o

LS
tion. The result of that approximation is that one-electron wave functions
exist which can be specified by both an orbital quantum number and an
angular momentum quantum number; e.g., 1ls, 3d, etc. The wave functions
for a many-electron atom are constructed by forming Slater determinantal
wave functions (hereafter SDWF, out of the one-electron wave functions.

The terms in HLS not included in the central field approximation lead

to energy differences among the SDWFs made up of the same elementary wave

functions. The energy differences arise from interaction among electrons.
As a specific example, consider the d wave functions for elsctron

configurations consisting of n d-electrons plus closed atomic shells

(an empty shell is considered to be a closed shell for the purposes of

this discussion). The restriction of closed shells is imposed because

they give rise to spherically symmetric potentials and hence cannot cause

mixing among d wave functions. The central field approximaticn leads

to 10 independent ¢ wave functions. These functions for a dn ion are

SDWFs made up from groups of n different wave functions selected from

among the ten. For n = 1 there are 10 such SDWFs, for n = 2 there are

45, etc. The SDWFs may conveniently be labeled with the total spin S

and the total angular momentum L; for example, lS. 4F. An SDWF with

quantum numbers L and S corresponds to (2L+1) x (2S8+1) degenerate

wave functions. The relative energies of SDWFs with different values of

SEL-66-087 -6 -




I, and S «can be written in terms of three Racah parameters of electro-

, and C [Ref. 7, Chapter 6].

L

static interaction, A, B
The VX-tal term in Eq. (2.1) causes the mixing of different SDWFs.

Hence the solutions to Eq. (2.1) are linear combinations of the individual

toward the atoms in the lattice have a different energy from those that
point away from the lattice sites. Because of the mixing, L is not a
good quantum number in the crystal and must be replaced with a number
based on the symmetry group of the lattice. We assume that S is a good
quantum number in the crystal.

The matrix elements needed to solve Eq. (2.1) are available for
the case of 3dn ions, with all shells except the d shell closed, in

cubic crystal fields [Ref. 6, Part II, Chapter 2]. The matrices can be

’

used to calculate the eigenfunctions and eigenvalues of Eq. (2.1) in terms

of the Racah parameters B and C and the crystal field parameter Dq.

The latter is related to the magnitude of V _ . The matrix elements
X-tal
. ~ o /ey Y
can be used to construct a plot ot the eigenvalues of Egq. (2.1, as a func-
tion of Dq. It is convenient to calculate the eigenvalues in units of

B and to plot them vs Dq/B. Such a plot for d7 in a tetrahedral field
is shown in Kig. 1. Only ihe lower energy eigenvalucc are chown,  The
eigenvalues of Dq/B = 0 are those of the SDWFs (for C/B = 4,75) of a
free ion with configuration d7

The following selection rules for electric dipole transitions are
used to estimate the absorption spectrum from a plot of dn eigenvalues.
First, the total spin S 1is conserved in an electric dipole transition.
This rule is relaxed by spin-orbit interaction, but is quite good for the
3d dions. Second, there are symmetry selection rules that can be calcu-
lated with standard group theoretic methods. Third, electric dipole tran-
sitions are forbidden between two pure d states. This rule is relaxed
at crystal sites that lack inversion symmetry because the local potential
can cause mixing of p and d states. Typical values for the oscillator
strengths of transitions at centrosymmetric octahedral sites are 10_5 to

-2 -3
10 but at tetrahedral sites the values are typically 10 to 10 .

?

Magnetic dipole and other higher order transitions are inherently tco weak

to be important at the low impurity concentrations of interest.
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Cc/B=4.75

40

ENERGY/B

20
‘////’//i;é

4p

4A2

i kB

aF 1.0 2.0
Dq/B

7
FIG. 1. EIGENVALUE PLOT FOR d IN A TETRAHEDRAL
FIELD.

As a concrete example of the use of the matrix elements and the
selection rules, consider a d7 ion in a crystal with the zinc blende
structure, e.g., GaP or GaAs. Both the interstitial and the substitutional
sites in a zinc blende lattice have tetrahedral symmetry. The symmetry

operations of the tetrahedral group T are E, 803, 60 684, and

d d’
3C2 [Ref. 5, p. 42]. The character table (in Mulliken's notation) of
the group is [Ref. 8] shown in Table 1, and the direct product table for
the tetrahedral group is shown in Table 2. The symmetry allowed electric
dipole transitions can be calculated from Table 2 by using the fact that
the dipole moment operator transforms as T2. The allowed transitions

are shown in Table 3, where an "X'" means that a transition between the

two states is allowed.
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TABLE 1. CHARACTER TABLE FOK T,
I |

E ; 8c3 3(:2 1 60'd 684

A, 1 1 1 1 1

13 2 -1 | 2 0 0

T, 3 o | -1 | -1 1

T2 | 3 , 0] -1 1 -1

TABLE 2., DIRECT PRODUCT TABLE FOR Td

| i

o T ! T

i ! 2

| o o

A E i T T

: 1 2

E T, T

m
B, 4,04, T %y < T Ty

T.. T., B, - E, /
17 Tor Badp [ Ty Ty Buody
T E, A
Tl, 27 b xl




TABLE 3. ALLOWED DIPOLE
TRANSITIONS IN T

d
T T
Al A2 E 1 2
A X
1
A2 X
E X X
T X X
1 X X
T2 X X X X

7
A typical eigenvalue plot for d in a tetrahedral field has

field levels is

[

been given in Fig. 1. The separaticn betwecn the crysta

wn

typically much larger than kT (thermal energy) so that only transitions
starting at the 4A9 ground state will appear in the absorption spectrum.
Reference to Table 3 shows that the only symmetry allowed transitions from
an A2 level are to T, levels. The spin selection rule requires that
the transitions from 4A2 be to other quartet levels. The only levels

4
that satisfy both requirements are the two quartet T1 levels. Hence

b

we predict that the absorption spectrum of a sample containing a a’

ion on a tetrahedral site will contain two strong peaks. The spectrum
will also contain a number of weak peaks due to forbidden transitions
from 4A2 levels to levels that are not Tl—like or that are not quartets,
If necessary, the spin-orbit splitting of the absorption peaks can also
be estimated [Ref. 5, Chapter 6]. A gualitative spectrum can be con-

n 7.
structed for any d ion in exactly the same way as for the d ion,

3. Application of the Theory

A determination of an impurity's d-shell structure and its site
symmetry involves four steps:
1. The optical absorption spectrum of the impurity is measured
experimentally.

2. An eigenvalue plot and a qualitative spectrum are constructed for
each likely number of d electrons and for each possible site
symmetry.
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3. The ohserved spectirui is compared with the calculated spectrums
until a likely match is found.

4, An attempt is made to find values of B, C, and Dq for which
the calculated energy-level scheme accurately fits the location of

the peaks in the observed spectrum.

If a fit cannot be achieved, it must be concluded that the absorption is
not due to transitions within the d shell or that a more extensive theory
is needed. If a satisfactory fit is achieved, then the number of d

electrons and the site are immediately known.

4, Extension of Crystal-Field Theory by Allen

Allen has suggested that impurity ionization energies can some-
times be calculated by the following extension of crystal field theory
[Ref. 17. The energy En of the ground state of a dn configuration

may be written as

E = -nU + — A ~bB+ ¢ C+ dDq, (2.2)
n i n

where U 1is the potential energy of the d electrons in the coulomb field
of the core, A, B, and C are the Racah parameters, and Dq 1is the

crystal field parameter. The quaniities bn, cn, and dn can be deter-
mined from the tabulations of Griffith {Ref. 7, p. 101] and the matrix ele-

ments of Tanabe and Sugano [Ref. 9]. More important than the value of En

is the difference between the value of En and the value of E 1:
n-J

N\

- B — ~ - — - -
E U + (n-1) A (bnbn_l)B+(cc )C+(dnd

(2.3)

-1
If an impurity level can be attributed to a change from a a to a dn

configuration, the ionization energy of the level should be approximately
equal to the energy difference given by Eq. (2.3) [Ref. 10]. The quanti-

ties U, A, B, C, and Dg must be determined from experimental data.

o}

However, once the five quantities have been determincd for two or three

t

n
members of the d series in a particular crystal, it should be possible
to estimate the values for the other ions sufficiently accurately to cal-

culate the ionization energies of the entire dn series. Allen has tried
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this sort of extrapolation with considerable success in the II-VI compound
ZnS [Ref. 1].

Before Allen's theory can be applied to an impurity level in a
III-V compound, it is necessary to show that crystal field theory is ap-
plicable to covalent crystals and that the level of interest can be attrib-

uted to changes in the d shell of the impurity.

C. SUMMARY

A possible way to treat impurities with intermediate ionization ener-
gies is to extend the theories applicable to very tightly bound electronic
states. The transition metals provide an interesting and tractable group
of impurities on which to try such an extension. The results of a sys-
tematic study of the transition metals should provide a framework in
which other impurity results can be placed.

In order to apply the existing theories of transition-metal ions to
impurities in III-V compounds, it is necessary to show experimentally that
the theories are applicable to materials with appreciably equivalent bonds.
In order to apply the theory proposed by Allen, it is further necessary to
show that the level under investigation can be attributed to the d shell

of the impurity.

SEL-66-087 - 12 -




III. CRYSTAL GROWTH

A. DESCRIPTION OF THE EPITAXIAL SYSTEM

The GaP crystals used in this study were grown in an open-tube epi-

T

taxial growth system, The system was originally developed by Gibbons and
Prehn [Ref. 11] and was later modified by Chen [Ref. 12]

sulfur was incorporated in the crystals to control their resistivities.
Zinc is a shallow acceptor and sulfur is a shallow donor in GaP.

The system is shown schematically in Fig. 2. Tank hydrogen was first
purified in a Milton Roy Serfass Hydrogen Purifier+ and then fed into three
0il manometers. The first manometer metered the hydrogen flow through the
PCl3 bubbler, the second monitored the flow used for sulfur doping, and
the third metered the by-pass flow. The flow through each of the three
lines was controlled by a precision needle valve. After passing over the

reagents, the hydrogen passed through a 2.,5-cm I.D. vycor reaction tube

b
in the Marshall furnace. The temperature profiie of this

PCls BUBBLER

/_
- s

ICE BATH
L “ {[SALLIUM  /—SUBSTRATE
11 L oiL MANOMETERS | —X .
H2 LL /r + [ E—
_—
INLET BYPASS LINE—F 0L
—_— E
h
CONDENSER—3||¢ g MARSHALL FURNACE
[
P E%\
HEATING TAPE

TEMPERATURE BATH

SULFUR BOILER——/ HOT PLATE

SULFUR

FIG. 2. SCHEMATIC DIAGRAM OF THE APPARATUS USED TO GROW SULFUR-DOPED
CRYSTALS.

T Milton Roy Co., Chesterland, Ohio.
¢Furnace Serial #6110181, Marshall Products Co., Columbus, Ohio.
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adjusted with external resistance shunts so that the gallium metal was
maintained at 970 °C and the substrate was at 805 to 820 °C. The gas
stream picked up gallium at the boat and deposited GaP on the GaAs
seed. Wastes from the chemical reactions were deposited at the far end
of the tube, and the hydrogen was burned off at the exit.

A qualitative picture of the transport mechanism is given by the
following chemical equations, which have not been verified experimentally

[Refs. 11,12]:

At 970 C 4PC13 - P4+12Cl
Cl+Ga — GaCl

At 805 - 820 "C 2GaCl+H, — 2HCl+2Ga
4Ga+P4 — 4GaP

At the exit end of the furnace 3GaCl — GaC13+ZGa

The major waste of the system is GaClB, which tends to clog the reaction
tube; this limits the amount of crystal that can be grown in a single run.
The crystals were doped by introducing either sulfur or zinc into the
gas stream. The sulfur was introduced by passing part of the hydrogen
flow over so0lid sulfur that was maintained at constant temperature by a
bath of boiling liquid.jL Sulfur is the only one of the common n-type GaP
dopants for which a simple and reliable boiling-liquid temperature control

was found convenient. Zinc doping was accomplished by adding a minute

quantity of zinc metal to the gallium.

B. EXPERIMENTAL

1. Methods and Conditions of Growth

In preparation for growth, the PCl3 bubbler was cleaned with HC1
and then rinsed with methanol and dried. The reaction tube and the boat
(Fig, 3) were soaked in aqua regia for from 5 to 24 hours and then rinsed

with deionized water and methanol. The cleaned reaction tube and boat

TAcetone, methanol, and water were used.

SEL-66-087 - 14 -




30° TILT GALLIUM BOAT
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e 15"—-————J
- 18.9"

FIG. 3. GALLIUM BOAT AND SEED HOLDER USED IN CRYSTAL GROWTH.

were coated with carbon in the regions where GaP would be deposited.
Strains caused by differences in the thermal expansion of quartz and GaP
caused uncoated tubes and boats to break. The carbon coating also made it
easier to remove the grown crystal and to clean the quartz. The reaction
tube was coated in the furnace by cracking methane and the boat was coated
in a Bunsen burner flame, The tube was kept hoit from the timec it was
coated until growth was s n argon flow was used to prevent oxi-
dation of the carbon.

The furnace temperature profiles used during growth are shown in
Fig. 4. Profile 1 was used for crystals S1 through S8, and profile
2 was used for the remaining crystals. Aging of the furnace necessitated
this change in profile. The tcmperature range within which the substrates
were located is also indicated on Fig. 4. The higher temperatures were
used to grow undoped crystals and the lower temperatures were used to
grow doped crystals. When the seed was located in the range shown, there
was a temperature difference of about 10 °C between its downstream edge
and its upstream edge. If the seed was properly located, the 10 °C tem-
perature difference did not interfere with the growth of a crystal of
nearly uniform thickness.

The GaAs wafers used for substrates were obtained from the Monsanto
Chemical Co.T in the form of <111:} oriented slices cut from an undoped
boule. The first step in the preparation of the wafers was the determina-
tion of the gallium and phosphorus faces either from data supplied by

Monsanto or from an orientation etch {Ref. 13]. Second, the wafers were

.
'Monsanto Chemical Co., St. Louis, Missouri.
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FIG. 4. TEMPERATURE PROFILES FOR THE CRYSTAL-GROWTH FURNACE.

lapped with 3200 grit carborundum powder and then etched in 9HN03:1HF:
10 H20 for from 2 to 5 minutes. Etched samples were stored under
methanol in order to prevent oxidation. Notice that the substrates
were not polished before use.

Gallium, PC1 sulfur, and zinc were used as purchased. Gallium

37
metal of seven nines purity was obtained from the Eagle-Picher Company;
PClS, reagent grade, and sulfur, U.S.P. grade, were obtained from the
Baker Adamson Company; and zinc metal of five nines purity, in the form
of 1l-mg disks, was purchased from Cominco.

When the preparations for growth were complete, the GaAs substrate

was removed from its methanol storage bath and put, gallium face up, on

the substrate holder. Next, approximately 8 gm of gallium metal were put

—t—

Eagle-Picher Co., Quapaw, Oklahowma; Baker Adamson, Division of Allied .
Chemical and Dye Corp., New York, N.Y.; and Cominco Metals, Inc., '
Spokane, Washington.
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into thc seed and the gallium were then placed in the

furnace. flow was used to prevent oxygen from entering the

insert

o]

d.

@]
)
ct
B
wn
o2
@
}
o
3
}_I

furnace while

After the boat was inserted, the argon flow was shut off and the

ct

hydrogen flow was started. A total fiow of 140G to 150 cc/min was found

best for the 2.5-cm I.D. reaction tube. The total hydrogen flow was made

up of three parts. The first part consisted of 52 cc/min that had passed

through PCl,g maintained at O “C. This flow of 52 cc/min transported

-4
1.0 X 10 moles of phosphorus/min. Larger phosphorus flows led to poor

crystal quality and smaller flows reduced the growth rate. The second

part was used for sulfur doping. The third part was added to maintain

the total flow between 140 and 150 cc/min.

2. Methods of Estimating Doping Levels

Estimates of the conditions needed to grow a crystal containing
a given concentration o¢f sulfur or zinc were made as follows. The pos-
sibility of chemicai recacticn beiween ithe dopant and the reagents used

to grow the crystal was ignored,

For sulfur doping it was assumed (1)

that the hydrogen

suifur vapor, and

would be the same

that passed over the solid sulfur was saturated with

ial
“~

N

that the pvhosphorus atoms

’
/
\\

in the grown c¢rystal as it had been in the gas stream.

The composition of the zinc-gallium solution used to grow the one zinc-

doped crystal was

v
2 parts zinc to 10 parts gallium. This ratic was chosen

17 -3

for a doping of 1.4 » 10 cm In the estimate it was assumed (1) that

the zinc vapor pressure over the zinc-gallium solution was 2 > 10 ° times
less than the vapor pressure of pure zinc, and (2) that the ratio of zinc
to phosphorus would be the same in the crystal as it had been in the gas

stream,

3. Electrical Measurements Performed on the Crystals

Hall coefficient and resistivity were measured on eight sulfur-

doped crystals, on the zinc-doped crystal, and on an undecped crystal,

Measurements were made on rectangular bars cut from the crystals. The
sulfur-doped bars were coocled to liguid nitrogen temperature and then
{Electrical

measured as they warmed up. to the bars was made

with tin contacts which were alloyed to the bars in a hydrogen furnace.)
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The undoped crystal and the zinc-doped one were measured in the Hall

effect apparatus described in Chapter V.

C. RESULTS OF CRYSTAL GROWTH

Data from the crystal growths carried out in the study are summarized
in Table 4, Of the 23 growths performed, 21 yiclded some single crystal-
line material and 2 failed due to improper location of the seed. Typi-
cally, the result of an 8-hour growth was a l—Cm2 single crystal between
500 and 700 microns thick.

The Hall effect data for crystals S1, S5, S6, S8, and S11 are given
in Fig. 5. The shape of the plots suggests that the samples contain only
sulfur donors or that they contain sulfur donors and a compensating im-
purity. The data for crystals S2, S3, and S4 as given in Fig. 6, suggest
that these thrce samples contain sulfur and another verv shallow donor.
There is nothing about the growth conditions of the crystals that explains
why the two different types of plots shown in Figs. 5 and 6 were obtained.

Typical mobility data from the suliur-doped crystals are shown in Fig. 7,

108 -

107

C < 8 ! FIG. 5. THE HALL COEFFICIENT TIMES
i T3/2 vs 103/T FOR FIVE DIFFERENT
| SULFUR-DOPED GaP CRYSTALS.
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TABLE 4. GaP CRYSTAL GROWTH DATA

l T 7 ‘
i E t
' cpyetay | Sulfur Flow! P Flow N ’i‘:ecszel Electrons/end | Hall Mobility | . 4
Py (moles/min) (moles /min) oping 3. at 300 °K (cm2/volt sec) |
i (carriers/cm”) /
-4 ' < |
S0 Undoped 1.0x10 - r 10 ohm - cm Very thin
| crystal
i -9 -4 17 i 17
S1 M 2.0x10 1.0x10 5%10 | 5+10 130 Average
|
-10 -4 17 ‘ 16 :
. 82 M 4.9v107} 1.0x10 1.2410 , 7x10 i 140 | Good \
; !
I
! -8 -4 18 ! 18 j
s3 i W 1.9410 1.3x10 4x10 3.5%10 65 Bad
-9 -4 18 18
sS4 W 5.4x10 1.3x10 10 210 110 Badly pitted
-10 -4 16 7
55 A 1.8x10 1 1.0x10 4x10 101 140 Very good
? -10 -4 7 7
| ss A 6.7x10 1.0x10 1.4a0" i 10t 135 | Very good
f ! i
! I - -4 7
s7 A 1.8x107° 1.0x10 410" Good
-10 -4 17 18
s8 A 6.6x10 1.0%10 1.4x10 2x10 : 80 Badly pitted
~4 ' ! T
S9 Undoped 1.0x10 - { : Seed improperly
{ located ¢
- . -4 o4 " .
S10 Undoped 1.0¥10 -—- 9x10 ohm - cm Seed improperly
H ! located
| T ) i B
(4] -
! Sii A 6.7¥10 ! 1.0-10 1 4»1017 6~1016 ‘w 120 , Good
! S S _ — R . | !
-4 i !
512 Undoped 1.0v10 - | 590 ohm - cm | Good
o -4 16 ' T T
$13 A1.8x07t 1.0x10 4x10 { Thin, seed too
hot, 815 °C
-10 -4 17 ! .
S14 A 9.2x107} 1.0x10 2¥10 | Good. 807 'C
-10 ~a i7 : 7 ‘ : -
515 A 9.2x10 1.0x10 210" 5x10 | 90 | booa
- - 17 i
516 A 9.2v10710 1.0-107° 210" Average
-4 ] | R T
| 817 Undoped 1.0x10 -~- I yood
. e _ ]
-10 -4 17
518 A 9.2x10 t 1.0x10 2410 !
-10 -4 17 ? o N
s19 M 9.5x10 1.010 210" ‘ e
10 4 17 I T
520 A 9.2x10 1.0-10 2<10 : ; Average
! -4 4 ! 1 R
s21 Undoped 1.0x10 - 2,5.10 75 | Good
; :
-4 7 16 \ '
Znl Zn:Ga = 2:107 | 1.0x10 1.3x10% ' 3x10 ! 40 | Average !
+

-4
A - Sulfur at 56.5 °C, vapor pressure 4.4x10 mm Hg.
M - Sulfur at 64.7 °C, vapor pressure 8.9410°% mm Hg.
W - Sulfur at 100 °C, vapor pressure 1.1x1072 mm Hg.
+

Good, average, etc., refer to the appearance of the surface and the thickness of the grown crystal.

Very good refers to an approximately 0.8-mm-thick crystal with smooth surfaces. Bad refers to a

thin or wedge-shaped crystal with rough surfaces.
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The electrical data for the zinc-doped crystal are given in Fig. 8,
The Zn ionization energy of 0.032 eV deduced from the data is in good
agreement with the value estimated by Madelung [Ref. 141. Finally, the
data from an undoped crystal (S21) are given in Fig. 9; these data sug-

14 :
gest that the sample contains about 10 cm shallow donors and possibly

a larger concentration of other impurities.
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1. Effects of Temperature Gradient at the Substrate

Trial and error showed that undoped crystals had to be grown at

o]

815 to 818 °C and that the temperature had to be lowered to 805 to 807 °C

to grow crystals doped in the high 1017 cm_ range and above. Since the
temperature range from 817 to 805 °C corresponded to only 0.6 cm in the

20 oC/cm temperature gradient of the furnace, the seed had to be care-
fully positioned. If the seed was properly positioned, a crystal with
nearly parallel faces could be grown in spite of the temperature gradient.
Under good growth conditions, the thickness of the crystal did not vary
by more than 100 microns across the growth face. Apparently, at the

right location the combination of boat shape and temperature gradient

was such that the depletion of the gas stream at the low-temperature edge

of the substrate was closely compensated by the increase in the driving

force for growth due to the lower temperature.

2. Control of Doping

As shown in Table 4, the electron concentration at room tempera-
ture was usually within a factor of 2 of the expected doping. There was
no apparent correlation between the conditions of growth and the agree-
ment between the calculated and the observed electron concentrations.
Since very little is known about the doping process, predicting the doping
to within a factor of 2 is quite satisfactory. The sulfur did not seem
to interfere with the growth, except of course that it was observed that
heavily sulfur-doped crystals had to be grown at lower temperatures than
undoped ones. The growth rates for both sulfur-doped and undoped crystals
were always between 1 and 1.5 microns/min when the seed was properly

located.

3. Ionization Energy of Sulfur

The purpose of the following discussion is to show that there are
unexplained wide variations in the experimentally measured ionization
energy of sulfur donors. The ionization energy of sulfur may be important
in the design of GaP devices for use over a wide temperature range.

Values for the sulfur ionization energy ES can be calculated

from the plots in Fig. 5 if it is assumed that sulfur is the dominant

SEL-66-087 - 29 _—




impurity. The slopes of the straight lines that make up the low-tempera-
ture parts of the plots should yield either ES or ES/2, depending on
whether or not the crystals contain an acceptor impurity that partially

compensates the sulfur [Ref. 15]. The slopes, converted to millielectron

volts through the use of the formula

E) \
= ex e 3.1
S p(kT ’ (3.1)
are listed in Table 5. Notice that the largest value given in the table
is three times the smallest value rather than twice the smallest as the
theory predicts. No correlation exists between the electron concentrations

and the calculated energies.

TABLE 5. VALUES USED TO ESTIMATE THE
SULFUR IONIZATION ENERGY

Electron Concentration Slopc from
Sample (at 300 °K\3 Fig. 5
(electrons/cm ) (meV)
51 5 X 1017 10 = 1
S5 1017 a1 £ 1
17

S6 10 24 = 1 ‘

!

18 ’
S8 2 > 10 64 £ 1

16

S11 6 » 10 72 £ 1

In order to emphasize the spread in the available data on the sul-
fur ionization energy, the data in Table 5 and those of Montgomery and
Feldman [Ref. 16] are plotted in Fig. 10. The values from Table 5 were
multiplied by 2 whenever this brought them into closer agreement with the
published values. The multiplication was done to emphasize the fact that
the measured values for the sulfur ionization energy appear widely spread
even if the data shown in Table 5 are adjusted. The results from 15 samples

are shown in Fig. 10. The data points spread from 0.048 to 0,103 eV, with

an average value of about 0.08 eV.
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D. SUMMARY
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FIG. 10. SULFUR IONIZATION ENERGY VS CARRIER
CONCENTRATION.

Both n- and p-type GaP crystals used in this study were produced in

an open-tube epitaxial growth system. An accurate determination of the

ionization energy of sulfur is suggested as a subject for future research.
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IV, RADIOTRACER DIFFUSION

This chapter is concerned with the diffusion of cobalt into GaP
and the method used to preparce the samples for Hall effect and optical

experiments.

A. EXPERIMENTAL PROCEDURES

Cobalt-60, which has a half-life of 5.2 years, was used as the radio-
tracer in these experiments. Counting was done in a f3-ray proportional

counter.

1. Processing of Cobalt-60

A layer of cobalt, vacuum evaporated onto GaP wafers, provided the
diffusion source. The cobalt was put directly on the wafers because its
vapor pressure is too low at all temperatures below the melting point of

as phase diffusion ftechniques. The cobalt was

tantalum filaments. The cobalt-60 for the electroplating bath was pur-
chased from New England Nuclear CorporationT in the form of a mixture of

radioactive and elemental cobalt disscolved in HCl. The specifications

of the solution as received were as follows:

Specific activity 319 curies/gm
60 -7

Co 2,96 x 10 moles
59 -7

Co 7.7 X 10 moles

HC1 1.4 N

Total activity 20 millicuries

Total volume 2.24 ml

In order to prepare an electroplating bath, it was necessary to

add nonradiocactive cobalt and potassium hydroxide to the solution. The

New England XNuclear Corp., Boston, Mass.
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bath was buffered with boric acid. The composition found most satisfactory

for plating was as indicated below:

60 -4
Co 1.16 ¥ 10 molar
59 -2
Co 5.73 < 10 molar
+
K 1.14 molar
B O 0.294 molar
2 3
ph =5
Total volume 1.14 ml
59 60
Ratio Co :Co 495:2
The bath was used at 60 °C. A current of 1 ma was used to plate Lhe co-

balt on tantalum filaments 0.27 mm in diameter by 1.5 cm long (total area

of 0.12 cm” .

2., Diffusion Procedure

The specimens for diffusion were cut from single-crystal epitax-
ially grown GaP wafers. They were lapped with 3200 grit abrasive, soaked
in warm KCN solution (lOﬁ KCN in HOO>,T washed in deionized water, and
rinsed in alcohol. The fixture shown in Fig. 11 was used to evaporate
cobalt onto the wafers. A vacuum of lO_6 torr was maintained during the
evaporation,

The ampoules used in these experiments had the following charac-
teristics. They were constructed of 4-mm-bore Thermal American or Engel-
hard Industries suprasil grade quartz.i Suprasil quartz is a very pure
form of quartz.+ The ampoules were vacuum fired immediately before use to
drive out any absorbed water vapor. Quartz plugs were used to reduce the

volume of the ampoules to as small a value as possible. With the plugs in

place, the internal volume of the ampoules was typically about 0.1 cc.

TThe use of a KCN bath [Ref. 17] and of high purity quartz [Ref. 18] have

been suggested as ways of preventing copper contamination.
BN

"Thermal American Fused Quartz Co., Montville, N.J.; Engelhard Industiries,
Inc., Amersil Quartz Div., Hillside, N.J.
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FIG. 11. PHOTOGRAPH OF THE RADIOTRACER EVAPORATION FIXTURE.

Approximately 100 ng of red phosphorus was sealed in the diffusion
ampoules along with the sample to prevent the decomposition of GaP and to
establish an unambiguous thermodynamic system [Ref. 197. The pressure
inside a 0.1-cc ampoule due to the added phosphorus is shown as a function
of the diffusion temperature in Fig. 12. The pressure in any ampoule may
have varied by a factor of 2 from the values shown in Fig. 12 due to the

difficulties in weighing the phosphorus and in sealing the ampoules.

10
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Diffusions were performed at temperatures between 900 and 1250 °C
for times between 30 minutes and 62 hours. The main problem encountered
in the diffusions was that some transport of the sample occurred; the
transport agent was probably water vapor from the quartz [Ref. 20]. The
vacuum firing of the quartz kept the amount of transport within tolerable
limits at temperatures below 1200 °C, but did not prevent it entirely.
Above 1250 °C the transport became so severe that no data could be taken.

After diffusion, the crystal was removed from its ampoule and one
or more 2.5-mm disks were cut from it with an ultrasonic cutter. One disk
was then mounted in a precision lapping machine and layers between 1/2
and 40 microns thick were removed. The amount of material removed was
determined by weighing the disk before and after lapping. The cobalt
concentration in a lapped layer was determined from a measurement of the

beta activity of the alumina plate on which the disk had been lapped.

3. Construction of Diffusion Profiles

The cobhalt concentration was calculated from the beta activity of
the plate in the following way. Let ¢ Dbe the number of counts per min-
ute measured by the counter, minus the background, when a layer weighing
Aw grams had been lapped from the disk. An independent measurement with
a cobalt-60 standard showed that the ratio of counts to cobalt-60 decays

60,
was 0.17 to 1. The cobalt-60 concentration [Co | 1is given by

60

7 C
r 1 = .67 ) — 4.1
(Com 1 = (1.67 107 ) G770 Poap (4.1)
The total cobalt concentration [Co] is given by
[Col = (1.67 x 107) (495) ———— o (4.2)
0.17 &w "GaP
which gives
10
0.87 x 10 c
Co| = 4.3
[co’ - (4.3)
In the expressions above, pGaP is the density of GaP (4.13 gm/cc) and
the concentrations are in atoms per cc. A straightforward calculation

shows that the thickness of the removed layer, in centimeters, is
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Diffusion profiles were constructed by inserting measured values of Aw

and ¢ into the above formulas.

4, Error Analysis

An estimate of the accidental error in a concentration measure-
ment is given in Fig. 13, The error was taken to be the sum of an error
of ¥4 percent due to lapping, weighing, etc., and an error due to counting.
The latter was calculated as follows. The standard deviation in the number

of counts above background O, is given by [Ref. 21

o = /C. +C (4.5)

where C is the total number of counts and CB is the number of back-
ground counts. Equations (4.3) and (4.5) were used to calculate standard

deviations in concentration. This was possible because all counting was

00 \\\

o
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1 1 !
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lOIG |0F7 |OI8 3X10

MEASURED CONCENTRATION (atoms/cc)
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STANDARD DEVIATION IN CONCENTRATION (percent)
O

FIG. 13. ESTIMATE OF ACCIDENTAL ERROR IN RADIOTRACER
CONCENTRATION MEASUREMENTS.
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for 1 minute so that the number of counts per minute and the number of
counts were equal. [Eq. (4.3) requires a counting rate; Eq. (4.5) re-
quires a number of counts,] Typical experimental values of 20 counts per
minute for the background and of 100 ig for 24w were used in the calcu-
lations.

The plot in Fig. 13 shows that the error for concentrations of
less than 1016 cm_ is very large. This large error is a direct conse-
quence of the fact that nonradioactive cobalt had to be added to the high
specific activity solution purchased in order to obtain a solution that

would plate satisfactorily. This error is the major drawback resulting

from the plating method of preparing the radiotracer.

B. RESULTS OF DIFFUSION

The results of the radiotracer work are presented as plots of the

logarithm of the cobalt concentration vs the distance from the crystal

face that had been coated with radiotracer cobalt. The error limits have
been omitted from some of the figures for the sake of clarity. The ervor
can always be determined by referring to Fig. 13. Since the aim of the

radiotracer work was to produce uniformly doped samples, most of the
diffusions were done for combinations of time and temperature which prom-
ised to give the flattest profiles.

A tyvpical diffusion profile is shown in Fig. 14. It consists of a
region of rapidly decreasing concentration near the surface followed by a
region in which the cobalt concentration is nearly constant. Similar pro-
files have been reported for the diffusion of transition and noble metals
into GaAs and other III-V compounds [Ret. 227,

Typical results of a series of diffusions for the same time but at
different temperatures are shown in Fig. 15. Notice that the cobalt con-
centration in the central region increases as the diffusion temperature
increases. In Figs. 16 and 17, the results of diffusions for different
times at the same temperature are shown. Data from two different crystals
were included in Fig. 17 only after the data were proved to be consistent.

The data shown in Fig. 18 were taken to determine if the diffusion
profiles in p-type crystals were noticeably different from those in n-type

crystals. Little difference is noted.
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the flattest profiles would be obtained by diffusing into a wafer from
both faces of the wafer. Typical results of such diffusions are given
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samples during lapping.
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C. DISCUSSION OF DIFFUSION DATA

1. Preparation of Electrical and Optical Samples

The most important conclusion to be drawn from the data is that
uniformly cobalt-doped samples of GaP can be prepared by diffusion. The
fact that diffusion leads to a wide region of crystal with a nearly uni-
form cobalt concentration is particularly evident in Fig, 19. A uniformly
doped sample is easily obtained from a diffused sample by lapping off the
regions of rapidly decreasing concentration. Also, the concentration at-
tained after a 1200 °C diffusion was large enough to be detected in the
Hall effect and optical transmission experiments.

The samples used in the electrical and optical experiments were
diffused for 24 hours with cobalt on both sides of the wafer, or for times
up to 62 hours with cobalt on only one side. Samples diffused from one
side were used before the idea of diffusing from both sides occurred to
the author. Both diffusion methods led to identical Hall effect data and

optical transmission results.

2, Diffusion Mechanism

The three features of the profiles that are most indicative of

the diffusion mechanism are as follows:

1. The shape cannot be described by either a gaussian or an error
function curve.

2. The profile does not change significantly after 7 hours of diffusion
(Fig. 16,

w

The 30-minute and l-hour profiles are more rounded than the profiles
for long diffusion times (Fig. 17 ).

These three observations suggest that the profile is the result of two dif-
fusion mechanisms operating simultaneously. In particular, it appears that
the steep part of the profiles is due to a substitutional diffusion mecha-
nism that carries a large concentration of cobalt at a very slow rate. The
flat part of the profiles must be due to interstitial diffusion. These
hypotheses explain the third observation in the following way. After very
short diffusions, the interstitial and the substitutional profiles are both
rounded and their sum, which is the observed profile, is also rounded.
After a long diffusion, the interstitial profile is flat and a corner

results where it intersects the substitutional part of the profile.
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3. Concentration of Cobalt iu Gal

The cobalt concentration obtained from the flat part of a number

of profiles is shown in Fig. 2O.T The plots in the figure show that the

1.

concentration depends on the crystal used for the dif

)

on
i

usic as well as

L

’

on the diffusion temperature. Some possible explanations are given below.

\
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It is reasonable to expect that the cobalt concentra..un should
depend on the time and temperature of diffusion, the phosphorus overpres-
sure, the initial doping of the crystal, and the density of defects in
the crystal. Any dependence on time and on overpressure was eliminated
by diffusing for more than the 7 hours required by the data in Fig. 16
and by fixing the phosphorus pressure near 1 atmosphere. The temperature

dependence shown in Fig. 20 can be described by the formula

1. )
= < - — '6
C CO exp( o) (4.6)

-,
"It is important that the data in Fig. 20 be considered as concentrations
ained after diffusion and not as solubilities.

1A
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where C 1is the cobalt concentration. CO depends on the particular
crystal, but the activation energy of 1.1 eV is a constant. The question
to be answered is why CO varies from sample to sample. A comparison of
experimental data with calculations based on the Shockley-Moll theory of
the effects of doping on solubility [Ref. 23} shows that the changes in

CO cannot be related to the dopings of the crystals. (The comparison is
discussed in Appendix A.) Hence it appears that the different values for
CO must have arisen from differences in the defect concentration in the
various samples. Unfortunately, the only experimental evidence available
to support this hypothesis is that polished pieces taken from the crystals
for which CO was largest appeared less perfect when viewed by transmitted
light than did pieces from the other crystals. A qualitative relation
between the cobalt concentration and the defect concentration could pos-
sibly be obtained from dislocation etcin studies and lattice constant

measurements [Ref. 2471,

D. SUMMARY

Radiotracers have been used as a tool to devclop a method of preparing
GaP samples that contain a known cobalt concentration. It is concluded
that cobalt diffuses both substitutionally and interstitially. The inter-
stitial diffusion gives the long flat part of the diffusion profile. The
concentration in the flat part of the profile depends on both the diffu-
sion temperature and the crystal used. The dependence of the cobalt

solubility on crystal perfection is suggested as an area for future work.
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V. ELECTRICAL MEASUREMENTS

Hall effect and resistivity measurements were used to determine the
electrical properties of cobalt-doped GaP. The measurements required

the use of special high-resistance measuring equipment,

A. EXPERIMENTAL EQUIPMENT

Preliminary measurements showed that the equipment used to measure
the Hall effect and resistivity of the sulfur-doped crystals was not
suitable for measurements on cobalt-doped samples. Neither the electri-
cal insulation nor the temperature control nor the shielding were ade-
quate for measurements on high-resistance samples.

Suitable Hall effect equipment was assembled and is shown in Figs.
21 through 24, A Keithley+ electrometer (Model 610 BR) was used to mea-
sure the resistivity and Hall voltages. A microvolt-ammeter with full-
scale ranges from 10 picoamperes to 100 milliamperes was used to measure
the sample current. The currenl source, nulling source, and all of the

switching equipment were mounted on a plexiglass chassis which was en-

closed in a well-shielded box. As much as possible of the wiring was
insulated with ‘leftlon. The counectors were choscn for their high leakage
resistance. The leakage resistance of the complete assembly, including

connectors and cabling, was greater than lO1 ohms.

The method of temperature control, based on the principle of balancing
the heat loss from the sample block with heat supplied by a nichrome
heater, permitted measurements at temperatures from 77 to 420 °K. The
upper limit was set by the softening temperature of the epoxy used to hold
the heater in place. The rate of temperature change at any specified tem-
perature was about 2 deg per 10 minutes. The main experimental problem
associated with the temperature control was sealing the outer can in
place (see Fig. 23'. The most effective method of sealing was to solder
the can in place with a low-melting temperature solder such as Cerro-

*

Bend. However, even this method usually required a number of tries

before an adequate vacuum seal was obtained.

+
‘Keithley Instruments, Inc., Cleveland, Ohio.
Cerro-Bend, c/o Peck Louis Corp., Los Angeles, California.
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FIG. 21. THE HALL EFFECT APPARATUS USED TO MEASURE HIGH-RESISTANCE
SAMPLES .

FIG. 22. DETAILS OF THE SAMPLE MOUNT USED FOR HIGH-RESISTANCE SAMPLES.

SEL-66-087 - 38 -




VACUUM
PUMP
CURRENT,
NULL SOURCES, RG 58/U CABLES (5) THERMOCOUPLE LEADS
SWITCHING [—_—-HEATER LEADS
[ @)
KEITHLEY SOLDERED
610 BR vgggg@y,j
ELECTROMETER
= |
\
KEITHLEY 153 ‘
MICROVOLT- A
| |, AMMETER AP
S GEtH11- SAMPLE
ol /[l\b
MAGNET — VG
POLE | o
PIECE ,
LHEATER

L pOLYFOAM LN DEWAR

FIG. 23. SCHEMATIC DIAGRAM OF THE HALL EFFECT APPARATUS.

Smm
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The test samples were bars approximately 3 by 1 by 0.5 mm mounted on
TO-5 transistor headers. The bars were prepared by first lapping at
least 60 microns off each face of a diffused specimen. Next, gold—Z%
zinc contacts were evaporated and then alloyed onto the bars. Finally,
the bars were temporarily mounted on the headers and six 1-mil wires were
bonded to the alloyed contacts. The primary reasons for bonding the wires
to the samples were that the bonding process is intrinsically clean and
that the available bonding equipment was well suited to handling small
delicate samples. When the bonding was complete, the bars were lifted
from headers and suspended on the 1-mil wires. This last step was per-
formed so that the bar could not be shorted out by contact with the sur-
face of the header. The finished samples were quite sturdy and could be
easily handled.

The use of the transistor headers was the major compromise in the
equipment. In order to use the bonding equipment it was necessary to use
the headers. Also, the headers make a very satisfactory high-resistance
mount. The disadvantage of headers is that they contain kovar which is
ferromagnetic. Measurements in the magnet uscd for the Hall effect work
showed that the presence of the header distorted the field enough to
cause about a 1l0-percent increase in the field at the sample. This in-
crease in the magnetic field meant that the measured Hall coefficient had
to be multiplied by some factor to obtain the correct Hall coefficient.
Since this factor could not be determined accurately, the Hall effect
data obtained using the headers were in error. However, because the
necessary correction was multiplicative, the increase in the field did
not affect any result that depended on the ratio of two Hall coefficients.
Since the cobalt ionization energy is calculated from the ratio of Hall
coefficients (see Section V.D1), the headers did not seriously interfere

with the main purpose of the measurement.

B. RESULTS OF HALL AND RESISTIVITY MEASUREMENTS

The results of a number of Hall effect and resistivity measurements
on cobalt-doped GaP are summarized in Fig. 25. The data points are from
16 -3 16 -3
two samples, each of which contained 6 X 10 cm sulfur and 9 = 10 cm

cobalt atoms. Hall measurements made on a number of samples with various
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combinations of cobalt and sulfur dopings showed that the data in Fig. 25
could be attributed to a cobalt impurity ievel. Thc sign of the Hall
coefficient showed that cobalt acts as an acceptor.

Hall mobility calculated from the data in Fig. 25 is shown in Fig.

26. As expected, the values are somewhat less than those veporied by

Allen [Ref. 25] for less heavily compensated GaP.

C. COBALT IONIZATION ENERGY

The cobalt ionization energy is calculated from the Hall effect
data through the use of Fermi statistics and the principle of charge
neutrality. The first step in this calculation is to relate the slope
of the plots in Fig. 25 to the location of the Fermi level. This step is
accomplished in the following way. The concentration of holes p 1is

related to the Hall coefficient by the approximate relation

n
qJ

H
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FIG. 26. HALL MOBILITY OF HOLES IN COBALT-DOPED GaP.
Samples 1 and 2 are designated by X and O,
respectively.

where q 1is the electronic charge. The concentration of holes is also

given by

W

E \
= N__ ex - (
p = Ny exp KT | :

where N is the density of states in the valence band and EF is the
Fermi energy measured from the valence band. When NV, which contains

3/2 , )
the factor T is written as

’

W
DN
o~

o

Eq. (5.2 becomes
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s
hgulivalently,

(5.5

where the only temperature-dependent term on the right side is the expo-

~

nential, Together Egs. {5.1) and (5.5 yield

where all of the temperature-independent terms have been combined into C.

Taking logarithms gives

: E
5 3/2; ) F
/n<i ™ s dn o = (5.7
H / kT ;
Afrter differeniiation with to 1/T, Eq. (3.7 hecaomes
/. oo\
~ [ Ry ﬁ
dlen{R T ) E
, F T d B (5.8
— = e 5
d(1.T Kk k dT F
R R
For the case in which the slope of 5 npint of U(R”T ) vs 1/T is a
constant, Eq. (5.8/ may be simplified to
E
F T d . - ‘w
— - - — {E_| = constant . 15,9,
k d dT F '
The differential equation yields
0 ,
E_ = E_ + =T 15.10
F F ’ )
o . . , . e . PO
where E is the Fermi energy at T = 0 K and 2 1is the coefficient

¥
of temperature variation. In other words, BEq. (5.10; states that if a

- 372
nloi of »n(R T ) vs 1/T is a straight lice, the slope of the line

H
gives the value of the Fermi level extrapolated to T = 0O "K. The value
5.0 - ig detfervined {rom the values of Hq 4t temperatures above 0 °K;

however, experimental error frequently maikes the determination impossible.
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o
The value of EF deduced from Fig. 25 is 0.41 eV. The value of

ff cannot be determined from the data; to show this, let us try to cal-

culate £ from the 300 °K Hall data. From Fig. 25 the hole density at
e} 12 _3
300 "K is about 2 X 10 cm . The value of EF calculated from Eq.

12 -3
(5.2) for p=2x 107" cm and

19 18 -3 t

Ny = 1077 + 2 < 10 cm (5.11;"
is

E, = 0.40 eV * 20 meV . (5.12)
Hence, the value of £ 1is

(f — 0.41 eV - (0.40 eV } 20 mcV)

= 10 meV * 20 meV . (5.13)
Clearly, £ 1is lost in the uncertainty in the value of N_. Notice that
the calculation does show that £ is small and hence that E_  is nearly

o

equal to E_ .
d F

Because of the chemical doping of the samples whose data are shown

in Fig. 25, the Fermi energy of 0.41 eV is very close to the ionization

energy of cobalt. The exact relation is calculated using the principle

of charge neutrality, which requires that

pP+N =N_+n . (5.14)

In Eq. (5.14), p and n are, respectively, the concentrations of holes

+ 3 . . . -
and electrons, Nd is the concentration of positive donors, and NA is
the concentration of negatively charged acceptors. Since in p-type GaP,
+ N
n <’ J = N R 5.1:)/‘
p and Ny g (
_’.

These values of Ny were calculated for hole effective masses of 0.5
to 0.7 times the free electron mass.
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5.157 mav be simplified to

where Nd is the total donor concentration. When the cobalt and sulfur

concentrations are inserted, Eq. (5.16) becomes

16 16 |
p =910 f -6 <10 (5.17)
where
-1
EA - EF
F — - _ - ' 9 ( ﬁ\;
f = |exp )t L9.18,
and
E'=E_ + kKT in 7 . (5.19;
The quantities EX and 7 are, respectively, the ionization energy and
the degeneracy factor of the cobalt level. With the Fermi level at
~ A v . S Moo A ~ ~,~xn16 -3 A 1o 14 i
U,a1L ev, P LD umulit 1€eds tiiain v av Citt ana acndd mRice 2 negliginle
contribution to the concentration of positive charges. When p 1is
neglected, Eq. (5.17) becomes
16 16 PR
9 > 10 f =6 < 10 . 15.20;
The golution to this equation is
E& = 0.41 eV ~ 0.6 kT , (5.21)
or, to within the accuracy of the data,
E. = 0.41 eV (5.22,
A

The guaniity EX cannot be determined until » 1is known. However,
I's
v v 1is likely 1o be in the range -1 - .n 1 so EA shouid be

vithin kT of E;.
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VI. OPTICAL TRANSMISSION

Optical transmission measurements were performed to determine the
d-shell structure of cobalt impurities in GaP. Both n-type and p-type

GaP were studied.

A. EXPERIMENTAL EQUIPMENT

Optical transmission measurements were made at 77 "K and 300 °K in
a Cary-,r model 14IR recording spectrophotometer at wavelengths between
0.5 and 3.0:. The samples were either thin single crystals or thick
polycrystalsi of GaP containing cobalt. The single-crystal specimens
were pieces of epitaxial GaP approximately 3 mm by 2 mm by 0.5 mm. The
optical path was either through the 3 mm by 2 mm faces (0.53-mm path
length! or through the 3 mm by 0.5 mm faces (path length of 2 mm'. The
latter orientation was used whenever a long optical path was needed.

The single-crystal samples were diftused at 1200 “C.

B. RESULTS OF OPTICAL MEASUREMENTS

Two distinct types of spectra were seen. The first occurred in
crystals in which the Fermi level was at or above the 0U.4l-eV cobalt
level. The second was seen in crystals whose Fermi levels were below
the cobalt level.

The spectrum shown in Fig. 27 is typical of those measured on samples
in which the cobalt acceptors were ionized. The features of the spectrum
indicative of the d-shell structure are the decreases in transmission
around 0.8. and between 1.15u1 and 1.3.:, The decreases in transmission
are more evident in the spectrum of a thick piece of polycrystalline
material as shown in Fig. 28.

In Fig. 29 the enhanced absorptions in the 0.8u and 1.21 regions are
shown separated from the background. The spectrum in this figure is the
result of averaging a number of plots like the one shown in Fig. 27. The

absorptions shown in Fig. 29 were separated from the background in the

.1.
"Cary Instruments, Applied Physics Corp., Monrovia, California.

+
"The polycrystalline samples were provided by J. W. Allen.
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FIG. 29. ABSORPTION AFTER BACKGROUND HAS BEEXN
SUBTRACTED VS WAVE NUMBER FOR COBALT-DOPED
GaP WAFERS. Average values obtained from
several samples are shown.,.

following way. The transmission curves were extrapolated by eye into the
0.8:: and 1.251 regions as indicated in Fig. 27. An absorption spectrum was
calculated from the ratios of actual transmissions to the extrapolated
transmissions. The method automatically corrects for reflection and for
sample geometry. This method was used because i1t was the only experi-
mentally feasible technique and because the location of the absorption
peaks was more important than the exact shape of the spectrum. The al-
ternative method of eliminating background with the use of a sample of
GaP in the reference beam of the spectrometer was not used because the
broad features as well as the structure of the spectrum of cobalt-doped
GaP depend on the presence of the cobalt.

A typical spectrum of low-resistance p-type samples containing both
zinc and cobalt is shown in Fig. 30. The spectrum of the zinc-doped
crystal (Znl of Chapter III) without cobalt is included for reference.
The spectra were extended to 6u with an infrared spectrometer. These

spectra are discussed in Section C.2.
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C. DISCUSSION OF THE OPTICAL DATA

GaP c¢rystallizes in the zinc blende structure. Since both the sub-
stitutional sites and the interstitial sites in that structure have tet-
rahedral symmetryv, the diffused cobalt impurities were on sites with
tetrahedral symmetry. The group theoretic properties of the tetrahedral
group were given in Tables 1, 2, and 3 oI Chapter II. In ithe following

n

n .
section, d is used as shorthand for 'd configuration with all other

shells closed."

1. Filled Cobalt Levels

The abscrptions shown in Fig. 29 can be fitted to the crystal

7
field levels of a d ion at the center of a tetrahedron of negative

charges. The values of the oscillator strengths are in the range re-

ported for cobalt on tetrahedral sites [Ref. 2}, The spectrum given in

7 . .
Fig. 29 is similar to that reported for d cobalt in ZnS [Ref. 2].

The theoretical spectrum of dl in a tetrahedral field was dis-
cussed in Chapter II, Section CZ. The essential points of that discus-

7
sion are repeated below. The ground state of a d ion in free space
4
with all shells except the d shell closed is a ¥ configuration.
4
s

In & tetrahedral fiecld F  eplits into

0]
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4 .
where A2 is the ground state of the split levels. The only other
7 4
quartet level in the eigenvalue scheme for d is a P level which is

not split by the crystal field; i.e.,

The spin and symmetry allowed transitions are from the 4A2 ground state
to the 4Tl(4F\ level and to the 4T1(4p\ level. The fit of the ah-
sorptions shown in Fig. 29 to these two levels is shown in Fig. 31. Two
parameters, Dq/B and B, are used in the calculations. The best fit

-1
is for 1.8 - Dg/B - 2.1 and 275 B _ 305 cm

16000 - 2.0eV

~08u
2000} 15ev
' 1o FIG. 31. THE QUARTET TETRAHEDRAL
g ; FIELD LEVELS ARISING FROM 3d’
£ 8000-!25u 10eV AND THE FIT OF THE OBSERVED SPEC-
& 8200¢cm’! TRUM TO THEM. Dashed lines indi-

cate approximate positions of

4 4
T T2 some doublet levels.
4000F25u Ho5ev
4A2
O 1
0 290¢m™! 580¢cm’!
0036ev 0.072eV

Dg
Some of the structure on the absorption centered at 12,250 cm
is probably due to spin-orbit mixing of the 4T1<4P> level with doublet
levels. The approximate positions of some of the doublets are shown on

Fig. 31. The precise locations of the doublets depend on the value of the
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Racah paramcter C. The value of € can he determined hy ohcerving for-
bidden transitions to doublet levels. Such transitions have not been
seen in this work because of the low cobalt concentration. The spin-orbit

mixing energy between any of the doublet levels and the 4T1(4P} level
is of the order of the spin-orbit interaction parameter { for the free
cobalt atom [Ref. 6, p. 77], which is approximately 540 Cm~1 [Ref. 7,
p. 437]. Hence, by perturbation theory, the doublet levels within 2000
cm—1 or 2500 cm_1 of the quartet level should be quite strongly mixed
with that level. The details of the mixing cannot be calculated until
the value of C 1is known. It is possible that some of the structure on
the absorption peak is also due to interactions between cobalt atoms and
GaP phonons.

The above discussion raises the possibility that the total spin
S 1s not a good quantum number for cobalt in GaP. The value of B for
the transition metals in free space and in the crystals studicd previously

. . i s
¢ ag large as or larger than the e free ion gpin-orhit inter

Fe

action parameter [Ref. 7, p. 437; Ref. 2). TFor cobalt in GaP the value

of B 1is less than 60 percent of the free ion spin-orbit interaction

parameter. Hence orbit effects should be more important in the spectrum
of cobalt-doped GaP than in the spectra studied previously. The matrix

elements with spin-orbit effects included are availahle for the closed-

—

4 " PR . ~
shell d configuration 'Ref. 267, Enecrgy level schemes calculated from
the matrices confirm the transition assignments already mad 0 1therefore
justify the use of S as a good quantum number. The complete matrices

cannot be used profitably for a quantitative analysis until there is
enough data to determine B, C, Dqg, and

4 4 4
Spin-orbit splitting of the A, and the Tl( P} levels them-

selves was a possible explanation of the structure on the upper peak.

4
Calculation shows that the Ao level is not split. The splitting of
4 .4 N ,
the Tl( P! 1level, which depends on the value of Dg/B, 1is shown in
Fig. 32. 1In the region from Dq/h = 1.8 to 2,1, the splitting should

-1 . . s 4 .4,
be less than 100 c¢cm . Hence spin-orbit splitting of the T.{ P level
‘ 4 4
cannot explain the structurc. The spin-orbit splitting of the Tl\ Fi
level is also shown in Fig. 32. For 1.8 - Dg/B < 2.1, the splitting
-1 -

should be about 300 cm , which is approximately the width of the peak
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centered at 8200 cm_l. Because the peak was so weak, such a width as-
signment is tentative.

A d7 configuration is the only dn configuration for which a
fit is possible. The closed-shell restriction may be relaxed to allow
the presence of a single s electron (55, for instance). The presence
of an unpaired s electron would increase the total spin S of a con-
figuration but would not change the value of L and hence would not
affect the crystal field splittings. However the spectrum for an ion
with a partially full p shell as well as a partially full d shell
would probably be quite different from that predicted for a d7 con-
figuration. The matrix elements needed to calculate the level schemes
for such ions are not available. Overall, it appears that the observed

7
spectrum should be attributed to a d configuration with all shells,

except possibly s shells, closed.

2. Empty Cobalt Levels

The spectrum (Fig. 30) of low-resistance p-type GaP containing
zinc and cobalt is not understood. It cannot be explained in terms of
either a d6 configuration or a d7 configuration., A possible explana-
tion is that the spectrum is due to a configuration with both open d

and open p shells. The increase in absorption from about 3.11 to the

band edge may be due to transitions from different parts of the valence
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band to the cobalt level. Since the shape of the GaP valence band is not
known, this idea cannot be discussed gquantitatively. The sharp absorp-
tion at 3.45u is at the correct energy for a transition from zinc to

cobalt impurity levels.

D. SUMMARY OF OPTICAL WORK

Structure in the absorption spectrum of GaP containing full cobalt
acceptors has heen attributed to transitions within the cobalt d shell.
It has been determined that the d shell contains seven electrons and
that the cobalt is at the center of a tetrahedron. It appears that when
the cobalt level is full, crystal field theory provides a quantitatively
correct explanation of the d-shell structure. The absorption spectrum

observed in material containing empty cobalt acceptors is not understood.
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VII. A MODEL FOR COBALT IMPURITIES

The experimental results described in the previous chapters which
are needed in the following discussion include the following: (1) Co-
balt impurities give rise to a 0.41 eV acceptor level; (2) full cobalt
acceptors have a 3d7 configuration with all shells, except possibly s
shells, full; (3) the absorption spectrum of samples containing empty co-
balt acceptors is not understood but may in part be due to cobalt with
open p and d shells; (4) although cobalt diffuses interstitially, the
final cobalt concentration is apparently controlled by crystal defects.
Also needed are the facts that a free cobalt atom has nine electrons out-
side of an argon core and that a cobalt atom which has accepted an elec-
tron has ten outer electrons.

The coball in the optical and Hall effect samples could havce been

o)

on either (af interstitial sites, (b substitutional phosphorus sites, or

(c) substitutional gallium sites. Possibility (a) is not likely for the
following reasons. The optical data show that seven of the ten electrons
around a full cobalt acceptor are in the d shell. If the cobalt is on

an interstitial site, two of the remaining three electrons can be accom-
modated in 4s levels and the third electron must go into either a 4p

{we can safely necglect higher lving orbits!. The pres-

or a 5s level
ence of a 4p electron is not consistent with the observation of the d
spectrum. In the free ion, 5s 1levels lie approximately 20,000 cm—1
above 4p levels so it seems unlikely that the accepted electron would
occupy a 5s orbit rather than a 4s orbit. All told, possibility (a)
seems quite unlikely. Possibility (b) is unlikely on chemical grounds
and would lead to severe electron accounting problems.

The hypothesis that the cobalt is on gallium sites is consistent
with all the data. It is also consistent with the suggestion that the
cobalt concentration is controlled by crystal defects and with the opti-
cal and Hall effect data. Cobalt has one less electron outside of its
d shell than gallium. Hence there is an empty bond around cobalt atoms
on gallium sites which can accept an electron. When the acceptor level

is full, there are seven electrons in the 3d shell and three in s-p

bonding orbitals. The presence of full bonding orbitals would not
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”
interfere with the d spectrum. This model for the cobalt impurity is

shown schematically in Fig. 33; the energy level scheme of the full cobalt
level in Fig. 34 results from this model. Il was nol possible to deter-
mine the energy levels of the empty acceptors from simple crystal field
theory. With the simple theory it cannot be shown that the acceptor is
due to changes on the d-shell structure. Hence the ionization energy
theory as proposed by Allen [Ref. 1] cannot be applied,

A possible explanation of the empty level is that it consists of a
d7 configuration plus an empty bonding orbital. This assumption is con-
sistent with the lack of a crystal field spectrum for the p-type sample.
On the basis of this explanation, the electron degeneracy factor for the
cobalt level is one-eighth. Also, there should be no strong parity se-
lection rules for optical transitions involving the level. Photoconduc-
tivity could be used to check this prediction.

The optical data show that the 0.41-eV level is the only cobalt ac-

ceptor level, The same abgorption spectirum was seen whenever the Fermi
B e T T L o S, - SP S S S e [ Wy R [y ~ ~Sxro AT o o 3 ~—
level was above that level. A second acceptor level could arise if co

balt accepted an electron into its d shell or into its 4p or 5s

levels., These possibilities are inconsistent with either the observation
7
of the d spectrum or with the spectra of free cobalt ions.
P P
[ 4 —@

FIG. 33. A SCHEMATIC DRAWING OF A
d? COBALT ATOM ON A GALIUM SITE.
Acceptor level full.
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FIG. 34. GROUND AND EXCITED STATES OF COBALT 1IN
GaP AS DETERMINED BY THIS RESEARCH. Cobalt
acceptor states full.
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VIII. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

CONCLUSIONS

T

Electrical measurements show that cobalt is an acceptor in GaP. Op-
tical transmission data show that the cobalt atom is a substitutional
impurity and that when it has accepted an electron it has a Sd7 con-
figuration with the s-p bonding orbitals full. The assignment of the
cobalt atom to a substitutional site is consistent with the observation,
based on diffusion data, that the cobalt concentration was related to the
defect density in the crystals.

Crystal field theory has led to a gquantitatively correct result in a
covalent crystal. The theory allowed the determination of the number of
d electrons around full cobalt acceptors. The small value of the Racah
parameter B reflects the covalency of GaP. These experimental results
are in contrast to the a priori notion that crystal field theory should
ot apply in a covalent material,

The extension of crystal field theory to the calculation of transition-
metal impurity ionization energies could not be applied to cobalt in GaP.
However, it was possible to construct a model of a transition-metal im-
purity from a combination of crystal field and Hall effect data. The
theory suggested by Allen [Ref. 1] does provide a framework to which the

results on cobalt can be related.

B. SUGGESTIONS FOR FUTURE WORK

A photoconductivity study of cobalt-doped GaP, particularly of p-type
material, could provide valuable information about the cobalt level. A
study of other transition metals in a GaP system would be quite useful.
Hopefully such a study could use the diffusion data given in this work.
The ionization energy of sulfur impurities and the cobalt concentration

in cobalt diffused samples are also suggested as areas for future work.
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APPENDIX A. THE SOLUBILITY OF COBALT IN DOPED GaP

The purpose of this appendix is to show that the observed dependence
of the cobalt concentration on the crystal used for the diffusion cannot
be explained in terms of the initial dopings of the crystals. The argu-
ments below follow those given by Shockley and Moll [Ref. 231,

The theory used here results from the fact that the solubility of a
neutral species will not depend on the location of the crystal Fermi
level; it may, of course, depend on the temperature, pressure, etc.

Since the data in Chapter V showed that cobalt is an acceptor in
GaP, let us restrict ourselves to the theory for a simple acceptor im-
purity. The total concentration of acceptors is equal to the concentra-

tion of negatively charged acceptors N\ and the concentration of

neutral accentors Nt that ig
neutral accepters N hat is,
A
- o) .
Ny = NN (A.1:
A A Put
. . R . e - N . . is e
If the acceptor is diffused into a crvstal, A\ will depend on the dif-

fusion temperature, overpressure, etc., but it will not depend on the

doping of the crystal. For the theory to apply, the diffusion must have
been long enough for the acceptor concentrations to have reached their
equilibrium values. The quantities in Eq. (A.l\ may be related to each

other with Fermi factors; that is,

- o Ep By
=N e = A.2)
Ny = Ma Xp< KT > (a.2)
and
o] EF - EA
N =N |1+ exp| ——+— A.3)
iA lA p< KT > 3 < ;
where EF = EA is the difference between the acceptor ionization energy

and the Fermi energy, and kT is thermal energy at the temperature at
which the acceptor was introduced. Qualitatively, Eq. (A.3: predicts
that an acceptor should be considerably more soluble in n-type crystals

than in p-type crystals. 1If EF - EA’ then
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Therefore, NZ may be determined by measur
in a low-resistance p-type sample. Once N
used to calculate NA for any value of E_ - EA and hence for any doping.
The major difficulty in the application of Eq. (A.S) is that high-tempera-
ture values of the quantities needed to calculate EF - EA are not gen-
erally available.

The theory was applied to the data for cobalt diffused at 1100 °C
into GaP. The resulting theoretical curveT is compared with the experi-
mental data in Fig. 35. It is clear that the experimental values do not
fit on the theoretical curve. In fact, even a qualitative fit is impos-
sible because the concentration in the p-type sample was as large as that
in three of the n-type samples. Possible explanations of the lack of

agreement between the experimental data and the theory are that cobalt

diffuses ag a neutral atom and thail 1he cobalt concentration is deter-
mined by a noneguilibrium defect concentration in the crystals

On the basis of Fig., 35, it is concluded that the dependence of
the cobalt concentration on the crystal used for diffusion cannot be

explained by the initial dopings of the crystals.

+ o 15 -3
The following values were used to calculate the plot: Ny = 2 X 10 cm

energy gap = 1.7 eV at 110 °C, n% - 2 %1034 cm™®, copalt ionization

energy = 0.41 eV. The value for NX was calculated from the data for
Ng = 2 X 1016 cm_3 rather than from the p-type data so that the theo-
retical curve would fit the n-type data reasonably well. Since the pur-

pose of the figure was to show that a fit between theory and experiment
was not possible, this step seems justified. The other values used in
the calculation are extrapolations from data taken at wmuch lower
temperatures.
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COBALT CONCENTRATION ON INITIAL DOPING.
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